The Powder River Basin in Wyoming and Montana contains the United States' largest coal reserve. The area produces large amounts of natural gas through extraction from water-saturated coalbeds. Determining the impacts of coalbed natural gasproduced efflux water on crops is important when considering its potential use as supplemental irrigation water. We hypothesized that coalbed natural gas water, because of its high salinity and sodicity, would affect plant secondary metabolism (essential oils) and biomass accumulation. A 2-yr field study was conducted in Wyoming to investigate the effects of produced water on two traditional bioenergy feedstocks-corn (Zea mays L.) and switchgrass (Panicum virgatum L.)-and four novel biofuel feedstock species-spearmint (Mentha spicata L.), Japanese cornmint (Mentha canadensis L.), lemongrass [Cymbopogon flexuosus (Nees ex Steud.) J.F. Watson]), and common wormwood (Artemisia vulgaris L.). The four nontraditional feedstock species were chosen because they contain high-value plant chemicals that can offset production costs. Essential oil content was significantly affected by coalbed natural gas water in lemongrass and spearmint. Oil content differences between two spearmint harvests in the same year indicated that there were significant changes between the growth stage of the plant and essential oil content; the first harvest averaged 0.42 g of oil per 100 g biomass while the second harvest (harvested before flowering) yielded only 0.19 g oil per 100 g dry biomass. Results indicated that produced water can be used for short-period (2 yr) irrigation of crops. However, prolonged use of untreated produced water for irrigation would likely have deleterious long-term effects on the soil and plants unless the water was treated or diluted (mixed) with good-quality water.
T he Powder River Basin (PRB) contains the United States' largest (57.5%) reserve of coal, (USDOE, USDOI, and USDA, 2007) . Contained within the coalbeds of the basin are large amounts of natural gas comingled with water. To extract the natural gas, wells are drilled and the water is pumped out to relieve the pressure on the formation and to release the natural gas, which results in large quantities of so-called produced water. Total water production from the PRB as of 11 Feb. 2014 was 2.19 × 10 11 L (Wyoming Oil and Gas Conservation Commission, 2014).
Coalbed natural gas-produced water has been used as a supplemental irrigation source over the last decade in the PRB. The effect of produced water on soil properties has been a subject of some previous studies ( Johnston et al., 2008; Vance et al., 2008) . However, its effects on plants and agricultural production are not as well understood.
The quality of produced water is highly variable and often depends on the particular formation from which it came (Clearwater et al., 2002) . In general, produced water typically has the following characteristics: high amounts of total dissolved solids, high electrical conductivity (EC), neutral to moderately alkaline pH, and a high sodium adsorption ratio (SAR) (Van Voast, 2003) . These properties can make the utilization of untreated produced water quite deleterious to plants. High salinity and sodicity of the water make it undesirable as irrigation water, but it is nonetheless used in regions with limited irrigation water (USDOE National Energy Technology Laboratory, 2009) . Without proper treatment, produced water can decrease water infiltration, result in sodium (Na) and/or chloride toxicity, disperse soil particles and alter soil structure, and lead to possible nutrient deficiencies, such as calcium (Ca) and magnesium (Mg), which are displaced by the high Na content, or unavailable because the roots cannot penetrate into the subsurface (Hillel, 1998) . Johnston et al. (2008) studied soil chemical properties after treatment with produced water and used gypsum (CaSO 4 ) and sulfur soil amendments to alleviate the produced water's impact. Results from the study indicated significant increases in SAR and EC, even with soil treatment. Produced water treated with gypsum increased the sulfate content of the soil, helping to mitigate soil dispersion by sodium.
Plant ecology and growth with produced-water irrigation in the PRB has been studied, with Vance et al. (2008) finding a higher risk of invasion by nonnative plant species. They found, however, no significant negative effect on native species plant growth on treated land. The land used in Vance et al. (2008) had not been irrigated with produced water for more than 3 yr, and each land manager mitigated the impacts of produced water by using soil amendments or sulfur burners, or through leaching with higher-quality water at regular intervals.
The impacts of salinity and sodicity independent of one another have been well studied, but understanding how they work in tandem is a complex problem. Zheljazkov et al. (2013) studied spearmint and peppermint yield and essential oil production in a greenhouse study to test the effects of five different mixtures of produced water with municipal water. A 1:1 mixing ratio could be used to water both spearmint and peppermint without negative impacts to biomass yield, but herbage yield was significantly reduced at higher ratios (3:1 or produced water alone).
Also in a greenhouse study, Burkhardt et al. (2015) assessed the effect of different ratios of produced to municipal water on soil properties and on productivity of three crops: switchgrass, and two populations of wormwood (Artemisia annua L.). The authors reported increased soil Na and salts in the produced water treatments. The SAR increased from 2 in the control to 21 in the 100% produced water treatment. Biomass yields were also reduced in the 100% produced water treatment. The authors concluded that produced water when mixed with good-quality water in 1:3 ratio may not negatively affect soil and plant growth (Burkhardt et al., 2015) . Our objective in this field trial was to observe the effects of a 2-yr use of produced water on plant essential oil yield and composition and biomass production of four novel biofuel crops-spearmint (Mentha spicata L.), Japanese cornmint (Mentha canadensis L.), lemongrass [Cymbopogon flexuosus (Nees ex Steud.) J.F. Watson], and common wormwood (Artemisia vulgaris L.)-and two traditional biofuel cropscorn (Zea mays L.) and switchgrass (Panicum virgatum L.).
Materials and Methods

Field Trial
A field trial at the University of Wyoming Sheridan Research and Extension Center was prepared by first constructing raised beds. The equipment used to construct the bed simultaneously laid drip tape for administering the water treatments (approximately 5 cm below the soil surface) and covered the bed in black plastic to limit evaporation, reduce weed infestation, and eliminate the need for the use of herbicides. Drip tape emitters were rated for 1.7 L min −1 . Altogether, 15 beds were constructed, but only 8 were used in this study, leaving 1 empty bed between experimental beds to prevent cross-contamination of the water treatments. Each bed received one of two water treatments: municipal or produced water. Municipal water was used because no good-quality irrigation water was on site. Each bed was then divided into six plots 0.6 m wide by 3.7 m long with a 1.2-m in-bed buffer between plots. Plots within a bed were then randomly assigned one of the six plant species: Japanese cornmint, spearmint, lemongrass, common wormwood, corn, and switchgrass. Municipal water was trucked in from Sheridan, WY, and produced water was trucked in from the BeneTerra LLC's Dutch Creek Subsurface Drip Irrigation project site outside of Wyarno, WY.
We used a split plot in space with four replications where the water treatment was blocked using the constructed beds (Fig. 1) . All plants except corn were started in a greenhouse as transplants in February and March 2012. Lemongrass transplants were also produced in spring 2013, whereas Japanese cornmint, spearmint, common wormwood, and switchgrass were overwintered and grown as a perennial crop. Holes were burned into the plastic bed cover with a propane torch to accommodate planting and to minimize tearing of the plastic. Two offset rows of each plant species were planted in each plot. Plant population density was dependent on the species: mint species were transplanted on 30-cm centers, for a total of 25 plants plot −1 . Lemongrass, common wormwood, and switchgrass were transplanted on 45-cm centers, for a total of 17 plants plot −1 . Corn was direct seeded at 15-cm spacing between seeds for 47 plants plot −1 . Planting dates for each species in 2012 were as follows: corn, 19 June; lemongrass and common wormwood, 22 June; spearmint and Japanese cornmint, 27 June; and switchgrass, 5 July. Switchgrass, common wormwood, Japanese cornmint, and spearmint were intended to be perennial species; however, most spearmint plants did not survive the winter and had to be replanted the following spring. Planting dates in 2013 were as follows: corn, 3 June; spearmint and lemongrass, 17 June. Plots were fertilized in Year 1 with 544 g plot −1 of slow-release (Florikan) 18-6-12 fertilizer. The fertilizer was watered in using municipal water at 30 L plot −1 . Irrigation during the first year started with municipal water for all beds on 21 June 2012. Initiation of produced-water treatment began on 6 July 2012. Irrigation the first year ceased on 7 November and the irrigation system was flushed to minimize winter damage. Irrigation with both water sources in Year 2 began on 13 May 2013 and ended on 6 Sept. 2013. Irrigation was stopped earlier in Year 2 as soil sampling in Year 1 was problematic because of water-saturated soils resulting from slight overwatering in the later part of the growing season. Plant height and fresh weight were measured at harvest. Crops were harvested when they reached technical maturity. In 2012, spearmint was first harvested on 16 August, with a second harvest on 8 October. Lemongrass and common wormwood were harvested on 12 September. Japanese cornmint was harvested on 13 September, and corn and switchgrass were harvested on 9 October. Harvest dates for 2013 were as follows: spearmint, 7 August; Japanese cornmint, 15 August; common wormwood, 15 and 16 August; lemongrass, 7 September; and corn and switchgrass, 18 October. Spearmint, cornmint, and common wormwood were all harvested at flowering. Lemongrass was harvested before the killing frost. Corn and switchgrass were allowed to dry in the field as long as possible before harvest to help prevent spoilage in storage. Two 500-g plant tissue samples were taken from each aromatic crop: one for plant nutrient analysis/dry weight and the other for distillation and ethanol yield analysis of the distillation waste. Corn and switchgrass had two samples taken: one for dry weight/plant nutrient analysis and the second for ethanol yield analysis.
Soil Properties and Laboratory Analysis
The soil in the field was a Wyarno clay loam (Soil Survey Staff, 2013) . It is characterized as alluvium derived from shale with low (0-3%) slope and alkaline conditions. Of importance to note is the SAR maximum for this soil is listed as 5.0 (mmol L . Analysis of the soil samples was done by Olsen Agricultural Laboratory, McCook, NE. Methods used for soil analysis were as follows: pH was analyzed using a 1:1 saturated paste according to Peters et al. (2012) ; nitrate was analyzed according to Gelderman and Beegle (2012) ; EC was analyzed using the 1:1 saturated paste according to Dahnke and Whitney (1988) ; soluble salts were analyzed according to Gartley (2011) ; SAR was calculated according to procedures defined by US Salinity Laboratory Staff (1954); phosphorus (P) was analyzed using the bicarbonate method (Frank et al., 2012) ; cation exchange capacity was analyzed using methods described by Sonon et al. (2014) ; and sulfate, potassium (K), Ca, Mg, and Na were analyzed according to Brown and Warncke, (1988) . Micronutrients zinc (Zn), iron (Fe), manganese (Mn), copper (Cu), and boron (B) were analyzed according to Whitney (1988) .
Plant Nutrient Laboratory Analysis
Plant nutrient analysis was performed by Olsen Agricultural Laboratory. Determination of nitrogen (N) was done using the Dumas method (Dumas, 1826) while all other nutrient variables were analyzed according to Huang et al. (2004) .
Essential Oil Extraction
Common wormwood, spearmint, and Japanese cornmint were harvested at flowering to obtain maximum yield of essential oils from the aromatic plants (Ćavar et al., 2012; Ferreira et al., 2013; Gouveia and Catilho, 2013; Topalov, 1989) . Lemongrass was harvested before the killing frost. All aboveground biomass was collected and weighed, and the plants were steam distilled using a 2-L Clevenger-type steam distillation unit (Clevenger, 1928; Ferreira et al., 2013; Furnis et al., 1989; Gawde et al., 2009) . The mints and lemongrass were distilled for 60 min.
Common wormwood was distilled for 180 min using protocols defined by Ferreira et al. (2013) for A. annua, in which only stems with a diameter of <2 mm and leaves were used for the distillation. Each distillation used 500 g of fresh material, except for the common wormwood distillation for 2012, which used 200 g of dry material.
Gas Chromatography-Mass Spectrometry-Flame Ionization Detection
Using a micropipet, 10 mL of oil from each sample was transferred into a 10-mL volumetric flask. Samples were brought to volume with chloroform (CHCl 3 ). A 1-mL aliquot of each oil sample was placed by glass pipet into a gas chromatography (GC) vial for analysis.
Gas Chromatography
Chemical standards and compounds were analyzed on an Agilent 7890A GC System (Agilent Technologies, Santa Clara, CA) equipped with a DB-5 column (30-m by 0.25-mm fused silica capillary column, film thickness of 0.25 mm) operated under the following conditions: injector temperature, 240°C; column temperature, 60 to 240°C at 3°C min −1 , held at 240°C for 5 min; carrier gas, He; injection volume, 5 mL (split on flame ionization detector [FID] , split ratio 25:1); mass spectrometry (MS) mass range from 40 to 650 m/z; filament delay of 3 min; target total ion chromatogram of 20,000; prescan ionization time of 100 ms; ion trap temperature of 150°C; manifold temperature of 60°C; and a transfer line temperature of 170°C; simultaneous detection with MS and FID by splitting the column outlet (1:1). Detector temperature for FID was 300°C.
Gas Chromatography-Mass Spectrometry Analysis
Commercial standards were injected and compared with retention time and mass spectra data of essential oil. Where appropriate, compounds were identified by Kovats analysis (Adams, 2009) , and mass spectra were compared with those reported in the National Institute of Standards and Technology (NIST) mass spectra database. Kovats indices (KI) were calculated using equation KI (x) = 100[(log RT (x) -log P z )/(log RT (P z+1 )-log RT (P z )], where RT(P z ) ≤ RT(x) ≤ RT(P z+1 ) and P 4 … P 25 are n-paraffins; RT is retention time and x is the compound for which KI is being calculated; P z and P z+1 represent the paraffins with RTs just before and just after x, respectively.
Gas Chromatography-Flame Ionization Detection Analysis
Compounds were quantified by performing area percentage calculations based on the total combined FID area. For example, the area for each reported peak was divided by total integrated area from the FID chromatogram from all reported peaks and multiplied by 100 to arrive at a percentage. The percentage is a peak area percentage relative to all other constituents integrated in the FID chromatogram (Adams, 2009 ).
Quantitative Saccharification, Ethanol Fermentation, and High Performance Liquid Chromatography Analysis
Dried biomass samples from two blocks of the field trial were ground in a Wiley mill with a 1-mm screen. Before fermentation experiments, the glucose content of the samples was measured using the quantitative saccharification method described by Fu et al. (2011) and Yee et al. (2014) . Bench-scale ethanol fermentations of biomass were conducted in duplicate for each sample following the simultaneous saccharification and fermentation procedure described by Fu et al. (2011) with minor modifications. Unless stated otherwise, 3.0 g (15% of total fermentation volume) of dried biomass was loaded into 70-mL Septi-Chek glass vials in a total volume of 20 mL with 50 mM citrate buffer and 0.063 mg mL −1 streptomycin. Enzymatic hydrolysis and fermentation occurred simultaneously, with Accellerase 1500 (Genencor) as the enzyme and Saccharomyces cerevisiae D5A (ATCC200062) as the fermentation microbe. Weight loss of the fermentation bottles at various time points was used to monitor the progress of the fermentation as described by Mielenz et al. (2009) . At each time point, the bottles were removed from the incubator and the cap of the bottle was pierced with a needle to allow carbon dioxide to escape from the closed vessel. The remaining weight was then recorded and weight loss was calculated.
After the fermentations were complete, the remaining biomass solutions were centrifuged and 1.0 mL of the supernatant was removed with a 1-mL syringe and filtered through a 13-mm syringe with a 0.2-mm filter. End-point ethanol concentration was quantified by high performance liquid chromatography (Agilent 1200 Series LC system with 1200 Series refractive index detector) equipped with an Aminex HPX-87P column (Agilent Technologies) and final ethanol yields were calculated as described in Yee et al. (2012) .
Determination of Saccharification Efficiency and Lignin Composition
Enzymatic saccharification efficiency of all biomass samples were performed using a high-throughput plate hydrothermal pretreatment and enzymatic saccharification procedure developed at the National Renewable Energy Laboratory (Wicker et al., 2009 ). Samples were run twice, with three technical replicates for each run. Lignin composition, content, and syringyl/ guaiacyl ratio were determined using the pyrolysis molecular beam mass spectrometry method as previously described (Sykes et al., 2009) . Samples were run with three technical replicates for each plant for enzymatic saccharification and two technical replicates for pyrolysis molecular beam mass spectrometry ( Joyce et al., 2015) .
Statistical Analysis
Statistical analysis of the soil, harvest, and ethanol response variables was done using a split plot in space randomized complete block design. With this design, the whole-plot factor was the water treatment with the split-plot factor was the crop treatment. The following hypotheses were tested: the main effect of water treatments was the same versus the alternate that at least two were different; the main effect of crop treatments was the same versus the alternate that at least two were different; and there was no interaction versus the alternate that there was (a = 0.05). Post-hoc mean separations were conducted using Fisher's protected LSD. Computations for analyses of variance were facilitated by using the GLM procedure of SAS (version 9.4), and computations for mean separations were facilitated by using the LSMEANS statement (SAS Institute, 2013) . Homoscedasticity was tested using Hartley's test (Hartley, 1950) , and normality of residuals was assessed by using the Shapiro-Wilk test (Shapiro and Wilk, 1965) , assessing stem and leaf plots and assessing normal probability plots. Computations and development of plots for assessing normality were facilitated by using the UNIVARIATE procedure of SAS (SAS Institute, 2013); whenever heteroscedasticity or non-normality of residuals occurred, values for the response variable were transformed to and analyzed in the y 0.5 scale. Essential oils and plant nutrient response variables were compared only across water treatments as each crop would necessarily have different chemical constituents and plant nutrient concentrations. Statistical analysis was done using a t test. The hypothesis tested was that coalbed natural gas-produced water and municipal water would be the same versus the alternate that they were different. Post-hoc mean separations were conducted using Fisher's protected LSD. Computations for analysis of variance were facilitated by using the TTEST procedure in SAS, and computations for mean separations were facilitated by using the LSMEANS statement (SAS Institute, 2013). Homoscedasticity was tested using Hartley's test (Hartley, 1950) .
Results
Water Properties
The produced water used in this trial was tested by InterMountain Labs of Sheridan, WY. The results describe the following produced water characteristics: pH of 8.4, EC of 2 dS m , and Na concentrations of 555 mg L -1 (Table 1) . Municipal water for the study was sourced from the city water system of Sheridan, WY. Values for relevant variables were as follows: average pH of 7.7, EC of 0.00094 dS m , and bicarbonate concentrations ranging from 11 to 60 mg L -1 (Tom Manolis, personal communication, 2014) ( Table 1 ). The SAR was not calculated as Na levels are never high enough to warrant concern in the municipal water.
Effect on Soil Parameters
As can be seen in Table 2 , several parameters, when averaged across plant species, showed significant trends in regards to water source. Soil pH and Na (and all response variables related to Na) were increased in the produced water treated plots. Calcium, Mg, and their soluble components were all decreased with application of produced water.
Several of the soil parameters were significantly different across the crop treatments regardless of water source. Nitrate, sulfate, and K all showed differences for both years. Soil nitrate levels for 2012 were highest in Japanese cornmint (Table 3) . Spearmint and lemongrass showed moderate levels of soil nitrate, whereas switchgrass, common wormwood, and corn had the lowest soil nitrate levels. In 2013, soil nitrate levels in the plots with lemongrass, Japanese cornmint, spearmint, and switchgrass were not statistically different. Common wormwood plots had the lowest soil nitrate levels, which were not different from the nitrate levels in the corn and lemongrass plots (Table  3) . Soil sulfate levels for 2012 were different across crop species; common wormwood, lemongrass, Japanese cornmint and spearmint plots had similar sulfate levels, with switchgrass and corn plots averaging the lowest soil sulfate. Soil K levels were significantly different across the crop treatment for both years of the study (Table 3) . Soil K levels in 2012 were similar in the plots of common wormwood, lemongrass, Japanese cornmint, and spearmint. Several other soil parameters showed differences only in the first growing season (2012). Soil pH had significant separation, with corn, switchgrass, and lemongrass plots averaging the highest pH at 7.3 and the Japanese cornmint plot with the lowest at 7.0. Electrical conductivity in 2012 was highest in the plots with Japanese cornmint averaging 5.4 dS m -1 and spearmint averaging 5.1 dS m -1
. Lemongrass, switchgrass, common wormwood, and corn plots all had similar EC levels, averaging 3.9, 3.8, 3.8, and 3.4 dS m -1 respectively (Table 3) . Soil P bicarbonate (P HCO 3 -) ranged from 129 to 81 mg kg -1 among species in 2012. In 2012, SAR values in plots under different crops varied, with higher SAR found under switchgrass and lower SAR under corn and common wormwood; the rest were not statistically different. Common wormwood and corn were statistically similar, with the lowest average SAR (Table 3) . Exchangeable Na percentage (ESP), Na, soluble Na, and SAR were all analyzed using a weighted analysis due to unequal variance. In 2012, significant interactions between water treatment and crops occurred for all four parameters measuring sodium: Na, ESP, soluble Na, and SAR, whereas in 2013, only ESP and SAR had significant interaction between water and crop terms. Plots treated with municipal water all maintained similar averages for each parameter regardless of crop species, whereas in the plots treated with produced water, some crops showed a different average from each other when excess Na was present (Table 4) .
Effect on Plant Tissue Nutrient Parameters
Of the 12 plant tissue nutrients analyzed (N, P, K, S, Zn, Ca, Mg, Fe, Mn, Cu, B, and Na), several were different, in varying degrees, by water treatment within plant species, namely, S and Ca in 2013 in lemongrass (Table 5) ; Zn, Mn, Cu, and Na in 2012 and Ca and Na in 2013 in Japanese cornmint (Table 5 ); S and Zn in 2012 in corn; and P, K, S, and Mn for the first harvest of spearmint in 2012, K and Na for the second harvest in 2012, and Cu, B, and Na in 2013 (Table 5 ). For 2012, spearmint was harvested twice and analysis of plant nutrients was done for water treatments for each harvest individually (Table 5 ). Sulfur and Ca concentrations in plant tissue were elevated in municipal-watertreated plots for 2012 and 2013 in lemongrass. Sodium plant tissue concentration trended higher in produced-water-treated plots than in plots watered with municipal water for both years but was not significant (Table 5) . Japanese cornmint had significantly higher Ca with municipal water for 2012. Zinc, Mn, and Cu concentrations for 2012 were higher in municipal water plots than in the produced-water-treated plots. Sodium for both years was elevated in produced-water plots (Table 5) .
For spearmint in 2013, tissue Na concentration increased eight times in plants treated with produced water, from 100 to 800 mg kg -1
. The first harvest of spearmint had higher concentrations of P, K, S, and Mn in the municipal water plots, while the second harvest had elevated concentrations of K only in the municipal water plots, with Na significantly higher in produced-water plots (Table 5 ). In 2013, Cu, B, and Na were higher in the produced-water plots. In corn, tissue S and Zn were elevated in the municipal water treated plots for 2012 alone (Table 5 ). Wormwood and switchgrass had no significant differences in tissue nutrient levels between water treatments for either year (Table 5) .
Effect on Harvest Parameters
Essential oil content was significantly higher in plants in the produced-water plots than in the municipal water treated plots in 2013 across all crops (Table 6 ). As expected with the highly variable harvest requirements for each crop species, significant differences were seen for all parameters across crop species. For 2012, corn yielded the highest in overall biomass, whereas switchgrass yielded the lowest in its establishment year (Table 7) . During the second year of growth (2013), common wormwood and switchgrass more than quintupled their previous year's average yield. Common wormwood yielded the most biomass of any crop for 2013, and spearmint yielded the lowest (Table 7) .
Essential oil content per 100 g of dried biomass was significantly different between water treatments for lemongrass and the 2013 harvest of spearmint (data not shown). In both years spearmint had the highest essential oil content and common wormwood had the lowest (Table 7) . Essential oil yield for 2012 was highest in Japanese cornmint. For 2012, common wormwood was the lowest oil-yielding aromatic crop due to its low oil content, but in 2013 produced highest due to its high biomass; Japanese cornmint and lemongrass were second followed by spearmint.
Effect on Essential Oil Constituent Parameters
Of all the constituents measured, only the percentage limonene in Japanese cornmint in 2012 and a-pinene for common wormwood in 2012 were significantly increased in the producedwater treatment. In cornmint, limonene increased in plants treated with produced water (data not shown). In wormwood, a-pinene also increased with produced-water treatment, averaging 0.52% for produced water and 0.25% for municipal water. Percentage citral in 2013 in lemongrass approached significance with averages of 71.8% for produced water and 79.3% for municipal water. Multiple constituents were found in each species' essential oil. Japanese cornmint's major constituent was menthol, averaging 54.4% across water treatments in 2012 and 54.7% in 2013. Common wormwood had multiple minor constituents in the oil, and its composition was highly variable between water treatments and between the two growing seasons. The major constituent in lemongrass oil was citral, with an average 68.6% across water treatments in 2012 and 75.5% in 2013. Spearmint's major constituent was carvone, with an average of 53.7% across water treatments for 2012's first harvest, an average of 49.0% for 2012's second harvest, and an average of 49.7% for 2013. No other constituents among any of the plant species were clearly more prevalent than any other, although several minor compounds were found in the oil.
Effect on Ethanol Yield and Saccharification
Glucose content was highest in corn for 2012 and 2013, followed by switchgrass, lemongrass, Japanese cornmint, spearmint, and wormwood. Both mint species and lemongrass had equivalent ethanol yield (Table 8) . Ethanol on a dry biomass basis was again highest in corn for both years, followed by switchgrass. Wormwood yielded the lowest ethanol per dry biomass in both years (Table 8) . 21,767 25,567 21,600 20,833 19,233 23,567 27,533 30,500 35,167 33,333 11,867 13,000 15,633 14,467 2013 17,433 15,800 18,933 16,133 19,633 16,300 28,200 24,933 --5,367 5,367 9,833 Ethanol per cellulose content was highest in corn in both years but was statistically similar to cornmint in 2012 and spearmint in 2013. Switchgrass and spearmint had the third-highest ethanol per cellulose content in 2012, followed by lemongrass and wormwood. In 2013, lemongrass, cornmint, wormwood, and switchgrass were statistically similar (Table 8 ).
Discussion
In this study, several changes in the soil and in the plants themselves occurred with water treatment. As predicted from the soil analyses, treatment with produced water caused some expected impacts on plants.
Impact on Soils
As we expected from treatment with saline-sodic water, interactions between Ca and Mg with Na were found. While increasing pH should have little impact on Ca and Mg availability, increased Na content in the soil will detrimentally affect their availability. Produced-water-treated plots had elevated Na levels (across all four parameters measuring sodium: soil Na, soil soluble Na, ESP, and SAR) where declines in Ca and Mg availability were found for water treatments, which could be caused by the exchange of Ca 2+ and Mg 2+ by the larger size and lower valence of Na 1+ ion in the soil solution (Hillel, 1998) . We also observed elevated pH levels and EC in the produced-water-treated plots for both years of the study. As elevated EC was seen only in 2012, its source could be argued. Because of the high fertilizer rate used in 2012, a false positive could be seen from high residual concentrations of N, P, and K from the fertilizer.
Impact on Plant Tissue
Leaf nutrient analysis somewhat corroborates what was seen in the soil. Elevated leaf Na content was observed in both years for most crop species. Susceptibility to Na has been reported in mint species at high ESP levels by Prasad et al. (2003) . The ESP levels seen in their experiment were far above those seen in this field study, but the elevated levels seen in this experiment could be an explanation for the decreased yield trends seen in 2013 among the mints. Plant species have at least a few mechanisms to exclude or compartmentalize excess Na. For example, in corn, Na is extruded into the root zone at toxic levels. In mint, Na is compartmentalized in leaf cells (Zhang et al., 2010) . These mechanisms could explain why Na concentrations were as high as they were in the mints while concentrations were not significant in other plant species.
Produced water also limited the uptake of K and P. The cause of this is not immediately known. At this point, we can assume that if soil physical characteristics are restricting water uptake, decreased ion uptake may be similar to that seen in drought stress (Ge et al., 2012) . If the produced water itself is affecting nutrient uptake, then the mechanism could be caused by high concentrations of antagonistic ions present in the water (Fageria, 2008) .
Impact on Secondary Metabolites
Only two chemical constituents in the essential oils showed differences between water sources. In both cases, produced water increased the concentrations of limonene and a-pinene in the essential oil. As both compounds only differed for the first year and not the second year, it may not be correlated entirely to produced water only but to produced water working in tandem with environmental stress factors. Results from the essential oil analysis showed no significant correlation between the concentration of various constituents and the water treatments.
Observed increases in essential oil content show that overall essential oil production in each plant species increased. Bartwal et al. (2013) discussed plant secondary metabolism at length. Plant secondary metabolites are often produced as a response to an environmental stimulus (stress) as a means of controlling accumulation of reactive oxygen species in the plant cells; in layman's terms, they are antioxidants. In the present case, the low quality water affected plant growth and development either through changing soil characteristics or changing ion concentrations 3d  9c  26a  15b  --2013  29a  16bc  20b 8c -- † Treatment means within rows followed by different letters differ significantly (Fisher's protected LSD, P ≤ 0.05). ‡ The two M. spicata harvests from 2012 had biomass and essential oil yield combined and essential oil content averaged across the two harvests. in the plant or both. Further research in this area could show specific impacts that produced water is having on plant physiology, as well as possible commercial applications of the secondary metabolites produced.
Impact on Cellulose Content and Potential Ethanol Yield
Results from ethanol analysis suggest possible novel biofuel feedstock candidates. While corn and switchgrass yield in the top two in every category, several crop species were at least similar to switchgrass in ethanol per cellulose content. Both mint species yielded well in both ethanol per dry biomass and ethanol per cellulose content. Mint would be the obvious choice for further study as a market (however small) already exists in neighboring Montana, and the distillation waste has other uses, such as a good-quality forage for livestock, lending itself to alternate uses if a feedstock market is slow to develop.
Conclusion
Given the aridity in the area of study, the increased demands for irrigation water in the region, and produced water as a recently available water source, it would be beneficial to be able to use produced water. Further study in the area will greatly increase our understanding not only of produced water but also of low-quality water impacts in general. Because the body of literature examining produced water's long-term impact on crop production is limited at best, it is difficult to ascertain what the effects will be. Given the present experiment, we can surmise that there is an increased risk of a negative impact on soil properties when produced water is used. The increasing pH and concentrations of Na in the soil suggest that even with careful management, economic losses could result from decreased production potential of some crop species.
Regarding bioenergy production, it appears that Japanese cornmint, spearmint, or common wormwood would be appropriate bioenergy feedstocks in northern Wyoming and similar areas if allocated sufficient water for establishment. Given proper market development and honing of agronomic practices, these crops have potential within the state and region.
